of two odd levels in Hf I (5d6s 2 6p z 3 D 2,3 ) have been determined using Time-Resolved Laser-Induced Fluorescence. The investigated levels in Hf I were excited in a single-step process from the ground term (5d 2 6s 2 a 3 F), whereas in Hf III we started from either the ground term 5d 2 a 3 F or the low-lying 5d6s a 3 D term. For all of the investigated levels, the lifetimes have been measured for the first time. A multiconfiguration relativistic Hartree-Fock method, including core-polarization effects, has been used to compute radiative lifetimes of 15 Hf III levels, including those measured in this work. Transition probabilities for 55 transitions in Hf III are also given.
I N T RO D U C T I O N
Hafnium (Z = 72) has been observed in the spectra of some stars, in particular in the mild barium star HD 202109 (ζ Cyg; Yushchenko et al. 2004a) , in Sirius A (Yushchenko 1996) and in the photosphere of δ Scuti (the prototype of the class of pulsating variables) (Yushchenko et al. 2004a) . Hafnium has been discovered in iron meteorites and in chondrites, which are generally considered to represent the oldest and most primitive rocks in the Solar system (Kleine et al. 2005) . Hafnium is also of astrophysical interest as a chronometer for stellar and galaxy evolution (Qin et al. 2008) . In astrophysics, radiative data are particularly needed for transitions originating from the ground term or from low excitation levels which are mostly populated in cold stars. There is also an increasing demand for weaker high-excitation lines currently identified on the high-resolution astrophysical spectra now available. In addition, opacity calculations require data for a huge number of transitions covering all the spectral ranges.
The examples mentioned above stimulated the present investigation of radiative lifetimes and transition probabilities in hafnium since these data are needed to deduce abundances in stellar atmospheres.
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The ground configuration of Hf I is 5d 2 6s 2 and the first excited configurations are 5d6s 2 6p and 5d 3 6s. The compilation of Hf I energy levels by Moore (1958) is based on the analyses by Meggers & Scribner (1930) and Meggers (private communication) and on an improved compilation by Meggers & Moore (1976) . More recent work includes a study of the even configurations of the platinum group by Wyart (1978) , and the odd configurations by Martin & Sugar (1996) . Doubly ionized hafnium, Hf III, belongs to the Yb I isoelectronic sequence, and its ground level is 5d 2 3 F 2 . Early observations of Hf III are due to Corliss & Meggers (1958) who investigated the spectral range from 138.7 to 374.2 nm. Additional work was published by Klinkenberg, Van Kleef & Noorman (1961a,b) who analyzed the structure of Hf III and classified 159 lines. All levels belonging to the 5d6s, 6s 2 , 5d6p and 6s6p configurations were established. Zeeman effect observations made by Noorman et al. (1963) confirmed the line classification of Klinkenberg et al. (1961a,b) . Calculations of Slater parameters in Hf III by Fred & Van Kleef (1962) led to new designations of four odd-parity levels. A partial energy level diagram of Hf III is presented in Fig. 1 .
Lifetime measurements of excited Hf I levels are reported in two previous papers. Duquette, Salih & Lawler (1982) give radiative lifetimes of 25 levels in the energy range 18 000-31 600 cm −1 . The experiment was carried out on a sputtered atomic beam using Time-Resolved Laser-Induced Fluorescence (TR-LIF). In a work by Lundqvist et al. (2006) to determine the hafnium abundance in two chemically peculiar stars (the hot Am star HR 3383 and the Hg-Mn star χ Lupi) using Hf II lines, lifetimes for eight levels in Hf I, obtained by TR-LIF, were also reported. However, there are no known decay data for the low-lying terms 5d6s 2 6pz 3 P, z 3 D and z 3 F although radiative constants for these states are of great astrophysical interest.
There are no experimental Hf III lifetimes available in the literature. However, theoretical excitation energies, oscillator strengths and transition rates have been reported by Safronova, Johnson & Safronova (2002) . These atomic constants have been calculated by a relativistic Many-Body Perturbation Theory (MBPT) for (5d 2 +5d6s+6s 2 )-(5d6p+5d5f+6s6p) electric dipole transitions in Yb-like ions with Z from 72 (Hf) to 100 (Fm). Relativistic excitation energies and oscillator strengths have also been computed by Migdalek & Baylis (1987) , in a multiconfiguration Dirac-Fock scheme, for the 6s 21 S 0 -6s6p 3 P 1 and 1 P 1 transitions in Hf III. In the present paper, we report experimental lifetimes of nine odd levels in Hf III and for two low-lying, odd levels in Hf I determined using the TR-LIF method. The experimental results are compared with calculated lifetimes obtained with a multiconfiguration relativistic Hartree-Fock (HFR) approach. Also reported is a set of A-values for transitions arising from the investigated levels in Hf III.
L I F E T I M E M E A S U R E M E N T S
The lifetime measurements were carried out using the TR-LIF method at the Lund Laser Center in Sweden. The experimental arrangement has been described before (see e.g. Xu et al. 2004; Malcheva et al. 2006) , and only a brief description is given here.
Free hafnium atoms and ions were produced by laser ablation, using a Nd:YAG laser at 532 nm with a pulse duration of 8 ns. The ablation laser beam was focused on to the surface of a rotating hafnium target inside a vacuum chamber with a background pressure of about 10 −6 to 10 −5 mbar. For the excitation of the investigated levels, the expanding hafnium plasma was crossed at right angles by a pulsed laser beam tuned to a resonant transition of the upper level of interest. The dye laser used DCM dye and Klinkenberg et al. (1961a,b) . b 3ω means the third harmonic and S means the first Stokes component of the Raman scattering.
was pumped by a second Nd:YAG laser. The excitation pulses had a duration of about 1 ns, achieved in a temporal compressor based on stimulated Brillouin scattering in water. The two Nd:YAG lasers were synchronized by a pulse generator and had a repetition rate of 10 Hz. For the selective excitation of the investigated Hf III levels, the corresponding wavelengths were achieved using the third harmonic obtained by KDP and BBO crystals and, if necessary, shifted by stimulated Raman scattering in hydrogen gas (see Table 1 ). For the excitation of Hf I levels, the fundamental frequency of the dye laser was used. The LIF signal was selected by a 1/8 m grating monochromator with its entrance slit oriented along the excitation laser beam, registered by a fast photomultiplier (Hamamatsu R1564U) and digitized by an oscilloscope (Tektronix DPO 7254). Each decay curve was formed by averaging over 1000 laser pulses. The stored decay curves were transferred to a PC for further treatment. The short lifetimes in Hf III were determined after deconvolution of the decay curve and the excitation laser pulse, measured simultaneously by a fast photodiode. For the long-lived levels, the LIF decay curves were fitted by a single-exponential function to extract the lifetime. In both cases, a constant background was included in the fitting procedures. The possible influence of radiation trapping and/or collisional quenching was checked by varying the delay time between the ablation and excitation laser pulses. The delay times were chosen in the interval 1-10 μs. To avoid saturation effects, which would affect the measured lifetimes, the intensity of the excitation laser could be reduced with different number of neutral density filters. To eliminate the influence of possible slow quantum beats, a magnetic field of about 100 G, provided by a pair of Helmholtz coils, was applied. To investigate possible flight-in and flight-out effects, decay curves were recorded for different positions of the monochromator relative to the target surface. A typical decay curve for the 5d6p 3 F 2 level is shown in Fig. 2 together with the measured laser excitation pulse.
The lifetimes obtained in the present work for two levels of Hf I and nine levels of Hf III are reported in Table 2 . The values given are the averages of at least 10 different measurements performed at several occasions. The quoted uncertainties include the statistical errors from the fitting procedures as well as the variation of the results between the repeated measurements.
C A L C U L AT I O N S
The HFR approach (Cowan 1981 ) is well suited for a heavy ion like Hf III and was adopted in the present work for calculating lifetimes and transition probabilities. The relativistic contributions included were the Blume-Watson spin-orbit, the mass-velocity and the one-body Darwin terms. The Blume-Watson spin-orbit contribution includes the part of the Breit interaction that can be reduced to a one-body operator (Blume & Watson 1962 .
The intravalence correlation was represented within a superposition-of-configurations scheme while core-valence correlation was approximated by considering a core-polarization (CP) model potential and a correction to the dipole operator leading to the (HFR+CP) approach previously described (see e.g. Quinet et al. 1999; Biémont & Quinet 2003) . For the intravalence correlation, the following configurations were considered: 5d 2 + 5dns (n=6,7) + 5dnd (n=6,7) + 6s 2 + 6snd (n=6,7) + 6s7s + 6p 2 + 6p7p + 6pnf (n=5-7) + 6d 2 + 6d7s + 6d7d + 7s 2 + 7p 2 + 7s7d + 7pnf (n=5-7) and 5dnp (n=6,7) + 5dnf (n=5-7) + 6snp (n=6,7) + 6snf (n=5-7) + 6pnd (n=6,7) + 6p7s + 6d7p + 6dnf (n=5-7) + 7snf (n=5-7) + 7s7p + 7p7d for the even and odd parities, respectively.
An estimate of the CP effects requires the knowledge of the dipole polarizability of the core, α d, and of the cut-off radius, r c . For the first parameter, we used the value calculated by Fraga, Karwowski & Saxena (1976) for Hf V ion-like core [4f 14 5s 2 5p 6 ], i.e. α d = 3.85 a 3 0 , while for the second parameter the value of 1.21 a 0 was chosen, corresponding to the HFR mean value r of the outermost core orbital 5p.
We performed ab initio HFR and also (HFR+CP) calculations, and then used a well-established least-squares fitting procedure (Cowan 1981) to adjust some radial parameters (see Table 3 ) to obtain the best agreement with the experimental energy levels published by Klinkenberg et al. (1961a,b) . More precisely, 19 even levels belonging to the 5d 2 , 5d6s, 5d7s, 5d6d, 6s 2 configurations and 17 odd levels of the 5d6p, 6s6p configurations were fitted with 15 and 11 parameters, respectively. The standard deviation in the fits was 37 and 92 cm −1 , respectively. The odd-parity level at 77830.3 cm −1 was very poorly reproduced and was finally discarded from the fit. The parameters that were not varied during the fit were scaled down by 0.85.
We report in Table 3 the parameter values obtained in the fitting procedure (only fitted parameters are listed), and in Tables 4 and  5 a comparison between the experimental and calculated energies. Table 6 gives the calculated (HFR+CP) transition probabilities for a sample of 55 selected strong transitions (log gf ≥ −1) in Hf III.
D I S C U S S I O N
The experimental and theoretical [HFR and (HFR+CP) ] lifetimes are presented in Table 2 . For all of the investigated levels, there were no results previously available. The measured lifetimes were confirmed in repeated measurements using different excitation and decay channels. As an overall test, we also measured the lifetime Martin & Sugar (1996) . b Energies from Klinkenberg et al. (1961a,b Klinkenberg et al. (1961a,b) .
The three main components (larger than 2 per cent) are tabulated. Klinkenberg et al. (1961a,b) .
The three main components (larger than 2 per cent) are tabulated.
of the 5d 2 6p y 4 F 3/2 (E = 42518.148 cm −1 ) level of Hf II, which has been previously measured by Lundqvist et al. (2006) . Here, we obtained a value of 2.2 ± 0.2 ns, in agreement with the previous result of 2.3 ± 0.2 ns.
Calculated lifetimes using two different theoretical methods are given in the fifth and sixth columns in Table 2 . In the first case, the radiative lifetimes were calculated by the multiconfiguration HFR method. In the second one, the CP effects were taken into account. As can be seen in Table 2 , there is good agreement between experiment and theory when CP is included. An exception is the level at 50213.7 cm −1 where a somewhat larger discrepancy appears. This discrepancy can probably be explained by the strong configuration mixing observed for this level (see Table 5 ) and by a greater sensitivity to small mixing coefficients in the configuration interaction (CI) expansions of the wavefunctions.
We also modified the CP parameters (r c and α d ) by ±10 per cent to check the behaviour of the lifetimes. A marginal effect was observed. The largest difference being for the level at 48823.3 cm −1 , where the lifetime changed by less than 5 per cent.
No theoretical lifetimes are provided in Table 2 for the two Hf I levels measured in the present work. We have attempted to calculate those values using a (HFR+CP) method, similar to the one used in Hf III, but found that the values were unstable and strongly dependent on the configuration sets introduced in the calculations. It became obvious that an accurate calculation for low lying levels in Hf I would require extensive configuration sets, as it is frequently the case in neutral heavy elements, and this was beyond our computational power.
Multiconfiguration Dirac-Fock oscillator strengths have been published by Migdalek & Baylis (1987) for two transitions of Hf III. The comparison of our results with these data is prevented for the following reasons. The 1 S 0 -3 P 1 intercombination line is very weak (affected by cancellation effects) and excluded from our tables. The 1 S 0 -1 P 1 transition does involve a high-excitation energy level and is not considered in the present study.
C O N C L U S I O N S
In this work, we report experimental lifetimes for two levels in Hf I and for nine levels in Hf III, and theoretical lifetimes of 15 Hf III Table 6 . Calculated oscillator strengths (log gf ) and transition probabilities (gA) in Hf III. Only transitions emitted from levels with E < 60 000 cm −1 and for which log gf ≥ −1 are listed. Klinkenberg et al. (1961b) . Wavelengths marked by an asterisk have not been observed but are derived from experimental energy levels. b From Klinkenberg et al. (1961a,b) . c HFR + CP calculations (this work). levels, including the levels measured in the present work. For all of the investigated levels, the results are obtained for the first time.
The experimental values are compared with theoretical calculations obtained by a HFR and by a (HFR+CP) approach. With the latter method, we find good agreement between the experimental and theoretical results.
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